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Copyright © 2003 by The American Asso-
ciation for Thoracic Surgerydoi:10.1016/j.jtcvs.2004.03.011For more than a decade, there has been increasing interest in monitoringthe quality of cardiac surgical performance, as demonstrated by publicdissemination of surgeon-specific mortality for coronary artery bypassgrafting (CABG) in The New York Times,1 introduction of clinicalgovernance strategies into the United Kingdom National Health Ser-vice,2 mounting pressure for open scrutiny of results after publication
of the Bristol Royal Infirmary Inquiry Panel report,3,4 and numerous applications of
quality control methods in medicine, both to monitor individuals’ results5-15 and to
compare the performance of individuals or institutions.16-18 Quality is seen as
important not only because of its potential to detect unacceptable surgical results,
but also because of the need to ensure quality when training the next generation of
surgeons in a high-risk specialty.
All processes, including all aspects of medical care, are assumed to be subject to
intrinsic random (common-cause) variation. The purpose of quality control charts is
to distinguish between random variation and special-cause variation, which arises
from factors extrinsic to the process. Reducing random variation for a process that
is in control requires changing the process itself. Reducing special-cause variation
requires identifying factors that cause the process to go out of control and taking
appropriate corrective action.
A quality control chart can take one of several forms, depending on the type of
data (continuous, binary, or count data—eg, blood loss or length of hospital stay
[continuous data], mortality [binary data], or complications [count data]), the
quantity of interest (eg, average performance or variability in performance), and the
primary objective of the monitoring procedure. Shewhart control charts, for exam-
ple, were designed for monitoring batches of results.19 In the surgical context, a
batch might be a series of operations performed over a period of time. Although
these charts have been applied in cardiac surgery,5,16 their value for ongoing
monitoring of individual results is limited, particularly for low-volume procedures.
Another type of control chart is the cumulative sum (CUSUM). It can be updated
after each procedure, is applicable to outcomes for individual surgeons, and pro-
vides a method of real-time monitoring of performance. CUSUM charts are based
on sequential monitoring of cumulative performance over time and are the focus of
this article. Initially developed by Page20 in an industrial context, they have been
shown to be most suited for detecting small, persistent process changes.21 Williams
and colleagues22 first proposed their use in a medical context, and de Leval and
associates6 were the first to illustrate their ability to detect a cluster of deaths after the
arterial switch repair for transposition of the great arteries. Although CUSUM charts are
simple to construct, care is needed to avoid overinterpreting or misinterpreting them.
The purposes of this article are to (1) describe different forms of CUSUM charts
for monitoring performance over time when the outcome of interest is binary (eg,
mortality or cardiac-related events),6,22 (2) explain how the charts should be
interpreted, (3) highlight frequent misunderstandings, and (4) recommend ways the
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CUSUM chart that control for case mix: variable life-
adjusted displays (VLAD,7 also called cumulative risk-
adjusted mortality [CRAM] plots8), and the risk-adjusted
sequential probability ratio test (SPRT).9 We describe the
parameters needed to construct the charts, their control
limits, and alternative graphical presentations of data. We
focus on binary outcomes because they are used to monitor
cardiac surgery performance. The methods are illustrated by
using two example data sets: a single United Kingdom
hospital database of cardiac operations and a national data-
base of cardiothoracic transplantations in the United King-
dom.
Data Sets
Cardiac Surgery Database
The Bristol Heart Institute has prospectively collected a standard
set of data on all adult cardiac procedures since April 1996.23,24
Data used for illustration comprise 1372 elective and urgent
CABG procedures performed between April 1996 and September
2002.10 All operations were performed by the lead academic
consultant or one of four residents. The outcome chosen for
performance monitoring was surgical failure, defined as the occur-
rence of one or more of 11 cardiac-related events.10 Overall
failures were 8.5% (95% confidence interval, 7%-10%). Multiple
logistic regression, applied to the complete data set, was used to
identify predictors of failure. The predicted risk of surgical failure
for each of the 1372 patients was then estimated from the resulting
model. Results are presented for a subset of off-pump CABG.
Cardiothoracic Transplantation Database
A national clinical database of cardiothoracic transplantations and
outcomes was established in April 1995, and all 8 centers in the
United Kingdom that perform these procedures have contributed
data since then. Data returns are in excess of 95%, and all data are
subject to rigorous validation.25 The data used for illustration
comprise 1341 adult orthotopic heart transplantations performed
between July 1995 and September 2002. The outcome chosen for
monitoring was 30-day postoperative mortality, which was 12%
(95% confidence interval, 10%-14%). Multiple logistic regression
analysis was used to identify predictors of mortality for the July
1995 to March 2001 cohort (n  1173), and the model was
evaluated using subsequent transplantations (April 2001 to Sep-
tember 2002; n  168). Details of the risk factors considered and
model development are available on request.
Constructing and Interpreting Charts
Non–Risk-Adjusted Methods
Choice of outcome, the event against which performance is being
measured, varies depending on context. Throughout we shall sim-
ply refer to an unsuccessful outcome as a failure and a successful
outcome as a success. We shall also focus mainly on detecting an
increase in failures, although the methods are equally applicable
for detecting their reduction. Although our emphasis will be on
risk-adjusted control charts, before introducing them, we will
discuss and illustrate non–risk-adjusted charts.
812 The Journal of Thoracic and Cardiovascular Surgery ● DeceCumulative failure charts. The simplest and most intuitive
form of CUSUM chart is a graph of the cumulative (total) number
of failures (on the vertical axis) against operation number (on the
horizontal axis; stepped lines in Figure 1). As each operation is
performed and outcome assessed, the cumulative number of fail-
ures either remains unchanged if a success occurs (and the graph
continues horizontally) or is incremented by 1 if a failure occurs
(and the graph rises). The graph has an immediate visual interpre-
tation, because an increase in gradient (slope) indicates more
frequent failures. However, it is of limited value without control
boundaries to indicate whether an increase in gradient is consistent
with a process going out of control (ie, a genuine increase in the
failure rate) or with simple random variation. The control bound-
aries illustrated are derived from the SPRT26 and are constructed
to test the null hypothesis (H0) that the failure rate is p0, against the
alternative (H1) that the failure rate has increased to p1.
To construct control boundaries, 4 parameters must be speci-
fied: (1) risk of failure when the process is in control (acceptable
failure rate; p0); (2) failure rate considered unacceptable (p1, where
p1  p0); (3) , the probability of concluding that the failure rate
has increased when, in fact, it has not (false-positive, or type I
error); and (4) , the probability of concluding that the failure rate
has not increased when, in fact, it has (false-negative, or type II
error). Choices of  and  depend on the application and relative
costs of false-positive and false-negative conclusions; they are
commonly set to .10 (10%), .05 (5%), or .01 (1%).9 Given values
for p0, p1, , and , the upper and lower control limits (or
boundary lines)—l1 and l0, respectively—are constructed accord-
ing to formulas given in Appendix 1 (dashed lines, Figure 1).
It is a common misconception that a CUSUM graph that
remains within control boundaries constitutes evidence that the
process is in control. If the graph of cumulative failures crosses the
upper boundary, l1, then we conclude that the failure rate has
increased to the unacceptable rate, p1. If it crosses the lower
boundary, l0, we conclude that the failure rate is less than or equal
to the acceptable rate, p0. When a graph remains between these
boundaries, the evidence remains inconclusive, and monitoring
should continue (Figure 1). The natural progression of the graph
for an individual or institution with acceptable performance is
toward the lower boundary for this method of constructing control
limits.
Upper and lower boundary lines are always parallel. Their
slope s (Appendix 1) is not directly interpretable. It depends on the
values of p0 and p1; the closer p1 is to p0 (ie, the smaller the
increase to be detected), the smaller s is and the shallower the
slope. The points at which the lower and upper boundary lines
intersect with the vertical CUSUM axis (h0 and h1; Appendix 1)
are determined by  and , which are typically set to the same
value. The smaller the values for  and , the higher the upper
boundary and the lower the lower boundary. It is common for 2
sets of boundary lines to be included on the chart, corresponding
to different choices for  and . Lines for the higher values of 
and  are often referred to as alert lines, with lower values of 
and  defining the alarm or action lines. The distance between the
boundary lines (h0  h1) also depends on the odds ratio (or,
equivalently, p0 and p1; Appendix 1); the smaller the odds ratio,
the greater the distance between the boundaries (for a given choice
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before a conclusion is reached.
Cumulative log-likelihood ratio chart. An alternative but
equivalent presentation of the data involves graphing a modified
CUSUM against the operation number (Figure 2). As with the
cumulative failures graph, the sum starts at 0, but is then incre-
mented by 1  s for a failure and decremented by s for a success.
The value of s is defined by p0 and p1 (Appendix 1). Boundary
lines are horizontal, and their position on the chart is defined by h0
and h1. Interpretation of the graph in relation to the boundary lines
is the same as for the cumulative failures chart. If performance is
acceptable, the graph will tend downward toward the lower bound-
ary; it will not follow the horizontal axis.
Cumulative observed minus expected failure graph. It is pos-
sible to construct a chart so that acceptable performance gives rise
to a graph that oscillates around a horizontal axis (Figure 3). This
type of chart requires the expected value for the CUSUM to be 0
if the process is in control. The graph starts at 0, but is incremented
Figure 1. Cumulative failure charts for (a) surgical fail
after orthotopic heart transplantation in adults. Expect
programs as a whole: (a) 8.5% for 1 consultant and 4
constructed to detect a 50% increase in failures (odds
False-positive () and false-negative () error rates are
failures (— · · ) are shown in both charts, although
consultant and 1 of the 4 residents, the consultant’s fail
the — · · line), but is less than expected for the residen
(or better) after 100 operations, when the lower bou
transplant centers, performance at center A was con
acceptable or better after 80 transplantations. Perform
first 100 transplantations, but increased steadily therea
upper boundary, having already crossed the 10% uppeby 1  p0 for a failure and decremented by p0 for a success. This
The Journal of Thoracigraph is more intuitive because it is easier to identify changes in
the failure rate: the graph moves upward if the failure rate in-
creases and downward if it decreases. To test the hypothesis that
the failure rate has increased from p0 to p1, boundary lines would
need to be drawn sloping upward with the gradient s  p0.
Drawing horizontal boundary lines (h0 and h1) would represent a
change of hypothesis being tested, ie, a change of p0 and p1, and
the horizontal axis would no longer represent acceptable perfor-
mance. If boundary lines are drawn on a cumulative observed
minus expected failure chart, care needs to be taken to specify
clearly the hypothesis being tested and to calculate appropriate
boundary lines.
Choice of charts. These different formats of charts are equally
valid; choice is largely a matter of personal preference. The chosen
format needs to be specified, and if boundary lines are included,
they must be accompanied by an explanation of their construction
and the underlying hypothesis being tested.
Cumulative observed minus expected failure graphs are intui-
fter off-pump CABG (OPCAB) and (b) 30-day mortality
ilure rates (p0) were set at overall failure rates for the
ents and (b) 12% for 8 centers. Boundary lines were
, 1.5): (a) 3.7% (p1  12.2%) and (b) 5.0% (p1  17.0%).
or both charts. Lines representing expected cumulative
e are not usually included. In (a), which depicts the
te is similar to the overall failure rate (closely follows
e resident’s performance was confirmed as acceptable
line was reached. In (b), which depicts 2 of the 8
ntly better than expected and was confirmed to be
at center B was in line with overall mortality for the
By transplantation 167, center B was close to the 5%
ndary (not shown).ure a
ed fa
resid
ratio
5% f
thes
ure ra
t. Th
ndary
siste
ance
fter.tive because changes in gradient are more immediately apparent.
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able performance is more intuitive with cumulative failures or
cumulative log-likelihood ratio charts. Therefore, we consider the
two types of chart to be complementary.
A line with a gradient corresponding to the acceptable (ex-
pected) failure rate could be added to cumulative failure charts, but
it would not run parallel to the boundary lines. It is important to
distinguish between interpretation of the graph relative to the
boundary lines and interpretation in relation to the acceptable
failure rate (Figure 1).
Risk-Adjusted Methods
The methods just described have been extended to adjust or control
for case mix in sequential monitoring of health outcomes. The
concept is simple. Rather than assuming that the acceptable failure
rate is the same for all patients, the predicted risk of failure is
allowed to vary among individuals. Accepted statistical models
(eg, those based on the Parsonnet score8,9 or EuroSCORE27) or
empirically derived models6,10,17 are used to estimate the patient-
specific predicted probability of failure. The risk-adjusted SPRT
chart9 is the risk-adjusted analog to the cumulative log-likelihood
ratio chart. VLAD7 or CRAM charts8,27 are constructed on this
principle and are analogous to the cumulative observed minus
expected failure chart. Advantages and disadvantages of different
forms of unadjusted charts apply equally to their risk-adjusted
Figure 2. Cumulative log-likelihood ratio test charts fo
30-day mortality after orthotopic heart transplantation
boundary lines (p0, p1, , and ) are the same as for Fig
not been included; note that such lines, if included, wo
from 0 toward the lower boundary, which denotes
representation of the data shown in Figure 1. Interpret
same. The points at which the graphs for the resident a
with Figure 1.counterparts.
814 The Journal of Thoracic and Cardiovascular Surgery ● DeceVLAD or CRAM chart. The graph, which starts at 0, is incre-
mented by 1  p0i for a failure and is decremented by p0i for a
success, where p0i denotes the predicted probability of failure for
operation i, derived from the appropriate risk model (Figure 4).
The graph has a natural interpretation: it moves upward if the
failure rate increases above that predicted by the risk model, moves
downward if the rate decreases, and oscillates around 0 if perfor-
mance is consistent with predicted risks, ie, acceptable. Although
changes in gradient are easy to see, constructing boundary lines is
not straightforward. Methods for detecting changes have been
proposed,7,8 but they do not equate to a hypothesis test in quite the
same way as described for CUSUM charts.
Risk-adjusted SPRT chart. The risk-adjusted analog of the
CUSUM chart, with boundary lines based on a SPRT, was first
described in a medical context by Spiegelhalter and colleagues.9
The risk-adjusted cumulative log-likelihood ratio statistic is used,
and boundary lines are drawn horizontally (Figure 4). The graph
starts at 0 and is incremented by 1  si for a failure and decre-
mented by si for a success. The value of si is defined by the
predicted risk of failure for operation i (p0i) and the increase in risk
that the chart is designed to detect.
For the unadjusted chart, increase in risk is defined in terms of
the unacceptable failure rate. However, when risk for each patient
varies, it does not make sense to have a common unacceptable rate
applied across all operations; it needs to vary according to the
surgical failure after off-pump CABG (OPCAB) and (b)
adults. Data and parameter settings for constructing
. Lines representing expected cumulative failures have
ot be horizontal through 0 but would slope downward
ptance of H0. These figures provide an alternative
of the graphs in relation to the boundary lines is the
nter A cross the lower acceptance boundary coincider (a)
in
ure 1
uld n
acce
ationpredicted risk of failure for the procedure. This variable unaccept-
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risk (ie, odds ratio), rather than a specific rate. An odds ratio of 2,
for example, would equate approximately to a doubling of patient-
specific risk of failure, an odds ratio of 1.5 to a 50% increase in
failure risk, and so on. The natural progression of the risk-adjusted
graph for an individual or institution with acceptable performance
is toward the lower boundary.
Choice of charts. The VLAD or CRAM chart and risk-ad-
justed SPRT chart are complementary and designed to account for
case mix. The VLAD chart is intuitive, because the horizontal axis
corresponds to expected outcome, and if performance is in line
with expectations, the chart should oscillate around 0. A change in
gradient, indicating a process that may be going out of control, is
easily spotted. Its disadvantage is that boundary lines are not easily
constructed.
In contrast, the SPRT chart has no intuitive interpretation, but
it has the advantage of providing a formal test of an explicit
hypothesis. Although either chart is preferred to the unadjusted
CUSUM for applications in which case-mix adjustment is appro-
priate, their usefulness is only as good as the ability of the risk
model to accurately predict the outcome for different patient
profiles. No risk model is perfect; none can completely adjust for
Figure 3. Cumulative observed minus expected failure
and (b) 30-day mortality after orthotopic heart transpla
Expected failure rates were set at the overall failure
(Figure 1). This figure represents another alternative
expected failure rate. The graph moves upward if th
downward if there are fewer (eg, resident surgeon a
expected, and the resident had fewer failures than
anticipated, but center B reported an excess.all factors that influence outcome.
The Journal of ThoraciCrossing Boundary Lines
If the graph (either risk adjusted or not) crosses the upper boundary
line, then H0 is rejected, and performance is confirmed to have
reached the predefined unacceptable level. In this situation, the
individual or team should investigate the cause of the unacceptable
performance, implement changes as necessary, and resume mon-
itoring. If performance improves thereafter, the graph will start to
decline and return to the “continue monitoring” zone. When the
converse occurs and the graph crosses the lower acceptance
boundary, we suggest that it be reset to 0 before monitoring is
resumed, thereby increasing the sensitivity of the monitoring pro-
cedure by avoiding buildup of excessive “credit.”9
Discussion
CUSUM charts in their various forms are simple to con-
struct and easy to interpret when key parameters are defined
correctly. The two main forms—the cumulative sum and
cumulative observed minus expected failure graph—are
complementary. Risk-adjusted versions are available and
should be used when case-mix adjustment is appropriate,
that is, when the population is heterogeneous and diverse
s for (a) surgical failure after off-pump CABG (OPCAB)
on in adults. Data are the same as in Figures 1 and 2.
for the programs as a whole: (a) 8.5% and (b) 12.0%
gure 1. The horizontal (— · · ) line represents the
are more failures than expected (eg, center B) and
nter A). Overall, the consultant’s failure rate was as
ected. Center A also had many fewer deaths thanchart
ntati
rates
to Fi
ere
nd ce
expoutcomes may be anticipated. A robust, validated, highly
c and Cardiovascular Surgery ● Volume 128, Number 6 815
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discriminating model of risk should be used; a model that is
poorly calibrated or has poor discrimination will provide
inadequate adjustment for case mix. However, no case-mix
adjustment will remove all confounding effects. An alter-
native approach to case-mix adjustment is to restrict the
analysis to a relatively homogeneous group of patients,5 but
this could result in poor performance going undetected if a
surgeon’s results for the monitored subgroup are in line with
what is expected, but are suboptimal for subgroups excluded
from analysis.
When adding alert or alarm lines to a chart, the user
needs to be clear about the role of the different parameters
Figure 4. Risk-adjusted cumulative observed minus ex
ratio test (SPRT) charts for (a) surgical failure after
orthotopic heart transplantation in adults. Data are the
rates (p0i) were estimated from empirically derived ri
increase in failure rate equivalent to a 50% increase i
false-negative () error rates are 5% for both charts. Th
Risk adjustment has had little effect for the OPCAB d
matched expectations almost exactly, and the resident
In contrast, risk adjustment reduced the apparent ex
risk-adjusted SPRT remains firmly in the “continue mon
minimal, and performance is clearly better than expec
crossed the lower acceptance boundary (see “Discuss
boundary for a second time after the 178th transplantaused in constructing the lines (ie, the hypothesis under test),
816 The Journal of Thoracic and Cardiovascular Surgery ● Deceand values of these parameters must be specified clearly for
the reader. There are literature examples that are misleading
in this respect. Williams and colleagues,22 for example,
suggest that the parameter s, termed the reference or target
value, should be chosen to reflect the expected or acceptable
failure rate, that p1 defines the unacceptable rate, and that p0
is chosen “by trial and error” to give the required s. Al-
though these choices provide a directly interpretable cumu-
lative observed minus expected failure chart, the boundary
lines correspond to a test of p0 (the “trial and error” value)
versus p1, not of s versus p1. This misunderstanding of the
role and interpretation of p0 and s has been perpetuated in
d failure (VLAD/CRAM) and cumulative log-likelihood
pump CABG (OPCAB) and (b) 30-day mortality after
as for Figures 1 to 3. Patient-specific expected failure
odels. Boundary lines were constructed to detect an
(odds ratio, 1.5) in both cases. False-positive () and
aphs are interpreted exactly as the unadjusted graphs.
From operation 100 forward, the consultant’s results
k-adjusted SPRT falls just short of the lower boundary.
deaths at center B by approximately half, and the
ng” zone. For center A, the effect of risk adjustment is
If monitoring had been restarted each time the graph
, the graph for center A would have crossed the lower
and for a third time after the 269th.pecte
off-
same
sk m
n risk
e gr
ata.
’s ris
cess
itori
ted.
ion”)the literature. Novick and colleagues,11,12 in assessing out-
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proach, but alert and alarm lines are drawn at an angle rather
than horizontally. They could be using a hybrid cumulative
observed minus expected failure chart with appropriate
boundary lines, but the text would suggest not, because they
quote the formulas for a cumulative failures chart. Further-
more, in constructing the boundary lines, they fail to state
the hypothesis being tested, specify the value for p0, and
apparently set p1 to the maximum acceptable failure rate
(10%). Any inferences made from the graphs in relation to
boundary lines are spurious and misleading. In plotting the
CUSUM, they also restricted the graph to nonnegative val-
ues.12 This leads us to further question the chart’s validity,
because cumulative observed minus expected failure graphs
have both positive (more failures than expected) and nega-
tive (fewer failures than expected) values. The rationale for
restricting the graph in this way is not explained.
The choice of values for  and , the false-positive and
false-negative rates, as well as those for p0 and p1 (or,
equivalently, the odds ratio), are not always immediately
obvious and depend on the setting and specific application.
Spiegelhalter and colleagues9 suggest that if the charts are
used to monitor several surgeons or institutions, it may be
appropriate to use smaller  and , thereby making the
boundaries more stringent and reducing the probability that
the graph for a surgeon or institution performing normally
crosses the boundary by chance. They suggest a Bonferroni-
type correction, replacing  and  by /n and /n, where n
is the number of surgeons or institutions.
When a graph crosses a boundary, a conclusion regard-
ing performance (as expected or otherwise) is reached. If, as
suggested by Spiegelhalter and colleagues,9 the graph is
reset to 0 after it crosses the lower acceptance boundary, to
avoid building up excessive “credit” and increasing the
sensitivity of the monitoring procedure, strict interpretation
of  and  is lost. Successive restarts increase the overall
chance of a false-positive result and decrease the chance of
a false-negative result.9
The concept of the average run length is a feature of
sequential monitoring schemes that use boundary lines to
assess performance. Average run length is the average num-
ber of observations or operations needed before a conclu-
sion (acceptable vs unacceptable performance) can be
drawn (1) when the process is in control and (2) when the
process has moved out of control. Average run lengths for
the unadjusted CUSUM can be determined by simulation
for different choices of chart parameters, but for the risk-
adjusted analog, the calculations are less straightforward;
run length will depend not only on , , and the chosen
odds ratio, but also on the risk profile of the study popula-
tion. If the risk profile changes over time, results based on
prior data may not reflect average run length accurately
when the chart is used to monitor subsequent performance.
The Journal of ThoraciSteiner and colleagues28,29 used the concept of average run
length to construct boundaries for their risk-adjusted CU-
SUM charts. Their charts closely resemble the risk-adjusted
SPRT chart described here insofar as they use the same
form of log-likelihood ratio statistic, but there are key
differences: they do not allow the CUSUM to go below 0,
and the graph is reset not when the lower acceptance bound-
ary is crossed, but each time the sum decreases to less than
0. There is no concept of accepting H0 and no simple
formula for constructing the boundary. The chart’s control
limit is estimated pragmatically and in a computationally
intensive fashion.
There are a number of other monitoring techniques that
we have not considered here, such as the sets30 and cumu-
lative score31 methods, which have been used for public
health monitoring of rare events, and Shewhart16,19 and
funnel charts.32
Much research remains to be performed in developing
and evaluating sequential monitoring procedures in health
care, where case-mix adjustment, however crude, is essen-
tial for realistic evaluation and comparison. If the procedure
is relatively uncommon and activity is low, a monitoring
scheme could run for several years before a conclusion is
drawn, which might lead one to question the value of
sequential monitoring in such a setting and the relevance of
past data to what is happening now. One approach might be
to modify the methods so that less importance is given to
historic data. Moving averages based on the last n proce-
dures13 or that give less weight to increasingly historic
cases, such as exponentially weighted moving average
(EWMA) charts, are approaches to accomplish this.6 are
attractive options in this context.6 However, as far as we are
aware, this method has yet to be applied in a risk-adjusted
setting, and it is not clear how one would construct appro-
priate boundary lines. Alternatively, one might increase the
number of surgical cases considered by simultaneously
monitoring several different procedures performed by the
same surgeon or institution (eg, monitoring the overall
cardiothoracic transplantation program, rather than assess-
ing heart and lung programs separately). The appropriate-
ness of doing so would depend on the context, but even if it
is sensible from a clinical perspective, it is not clear how
best to combine the data computationally.
We have described methods for sequential monitoring
that focus on detecting an increase in the failure rate. The
lower boundary provides confirmation that the failure rate is
acceptable (equivalent to accepting H0). The methods de-
scribed apply equally well to the problem of detecting a
decrease in failure rate. The charts are constructed in exactly
the same way; the only difference is that p1 (the alternative
failure rate) is set to a value less than p0 (or, equivalently,
the odds ratio is set to 1). Graphs constructed in this way
c and Cardiovascular Surgery ● Volume 128, Number 6 817
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the performance of trainees.10
Recommendations and Limitations
We believe that sequential monitoring tools have a role in
assessing and evaluating outcomes, but we suggest that they
complement other methods rather than replace them. Al-
though there is still work to be done in evaluating the
performance of different monitoring methods, this should
not preclude their use. Sequential monitoring charts are
simple to construct, and adjustment for case mix is accom-
modated in a straightforward way. We recommend the
following:
● Complementary use of cumulative observed minus ex-
pected failure and CUSUM charts.
● Clear specification of the way in which the CUSUM
chart is constructed (cumulative failures versus cumu-
lative log-likelihood ratio statistic).
● Careful consideration of choice of values for the pa-
rameters used to define boundaries when these are
included and explicit statement of these choices to the
reader.
● Case-mix adjustment, if available.
● Interpretation of the graphs for the reader (in line with
this article), particularly with respect to performance
that remains within the boundary lines.
There are, however, a number of caveats:
● Users need to guard against overinterpreting the
graphs, particularly the more intuitive cumulative ob-
served minus expected failure graphs without boundary
lines.
● Monitoring a health-care process is not the same as
monitoring a manufacturing process; case mix repre-
sents a fundamental difference, and risk adjustment is
imperfect and cannot remove all confounding.
● If monitoring schemes are to be accepted by those
whose outcomes are being assessed, an atmosphere of
constructive evaluation, not “blaming” or “naming and
shaming,” is essential; apparent poor performance
could arise for a number of reasons that should be
explored systematically.
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Appendix 1
Construction of CUSUM charts with control limits (alert or alarm
lines) requires specifying 4 parameters: p0, the acceptable event
rate; p1, the unacceptable event rate we want to detect; , the type
I error rate (probability of rejecting the null hypothesis [H0] that
the event rate is p0 when it is true); and , the type II error rate
(probability of accepting the null hypothesis [H0] when it is false).
If Xi denotes the outcome for procedure i, with Xi  1 if a
failure occurred and Xi  0 if it did not, then for a graph of the
cumulative number of events Ei, where
EiEi1Xi with E00, (1
against operation number i, the upper control boundary or limit l1
(to detect an increase from p0 to p1) and the lower control limit l0
(to accept p0) are defined by
l1ish1 (2)
and
l 0ish0, (3)
where
s
ln 1p01p1
ln(OR) (4)
ln(OR)ln
p1
1p1
p0
1p0
lnp11p0p01p1
(5 )
h0
ln1 
ln(OR) (6
and
ln1 
h1 ln(OR) , (7)
The Journal of Thoraciwhere OR is the odds ratio corresponding to an increase in event
rate from p0 to p1.
To construct the same chart, but with horizontal control limits,
one graphs
TiTi1Xis, with T00 (8)
against operation number i, and then the control limits are given by
h0 (Equation 6) and h1 (Equation 7).
The corresponding risk-adjusted chart (SPRT) is constructed in
a similar manner. The control limits are horizontal and defined as
above (for Equations 6 and 7). Cumulative sum Ti in Equation 8 is
replaced by
T*iT*i1Xisi, with T*00, (9)
where
si
ln1p0i1p1i
ln(OR) , (10)
p0i represents the procedure-specific risk-adjusted probability of
failure, and p1i represents the procedure-specific risk-adjusted
probability of failure under the alternative hypothesis, H1, corre-
sponding to an increase in odds ratio of size OR.
In practice, it is not necessary to calculate p1i for each proce-
dure i because it can be shown that
ln 1p0i1p1i ln	1p0iORp0i
, (11)
so
si
ln	1p0iORp0i

ln(OR) (12)
Ti* (Equation 9) corresponds to the log-likelihood ratio given by
Spiegelhalter and colleagues9 except for the scale adjustment of
both the statistic and the control limits by ln(OR).
Variable life-adjusted displays (VLAD) or cumulative risk-
adjusted mortality (CRAM) charts, in contrast, graph
ViVi1Xip0i, with V00 (13)
against i, where p0i is defined as described previously. Replacing
the predicted p0i by the constant acceptable event rate, p0, provides
an equivalent unadjusted graph.
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